strophanthin, came to the conclusion that the action depended on the concentration to which the heart was exposed and not on the total amount of the drug. Griinwald (3), using digitalin and isolated frogs' hearts, found that although the concentration of the drug was the most important factor, the total amount of the solution and therefore of the drug, was of considerable influence in experiments where low dilutions were used. Straub (4) ascribed the discrepancy in Griinwald's results to the fact that while the latter used digitalin, he used pure strophanthin. Weizsicker (5) agreed with Straub that although the amount of fluid was quite important in low dilutions of digitalin, the amount had no effect on the action of strophanthin. The lowest dilution of strophanthin he used, however, was 0.00025 per cent. Clark (6) and Issekutz (7) found marked differences with digitoxin and only slight, but definite ones with strophanthin when equal concentrations but different amounts were compared. The importance of the problem as to whether digitalis acts because of a certain concentration or because of a certain total amount is appreciated when one realizes that clinically the drug is given, neither to produce standstill of the heart, nor even to produce toxic effects, but rather in amounts so small as to be comparable with those low dilutions in which Grfinwald, Clark, and Issekutz found that the total amount of the drug played some part. It is reasonable to suppose that when the drugs are used clinically in such small amounts and in such low dilutions the small amount taken up by the heart and perhaps by other tissues of the body would be sufficient definitely to alter the remaining concentration in the blood stream.
Influence of Temperature and Heart
Rate.--There are many factors that influence the effects of the digitalis bodies on the heart. The effect of temperature on the rapidity of digitalis action has been thoroughly studied. Higher temperatures uniformly increase this. Trendelenburg (8) showed that lowering the temperature decreased the effect of strophanthin on perfused frogs' hearts. The difference between given changes in temperature he found to be greater with more concentrated solutions and at the lower temperatures. Gunn (9) found that the effect of strophanthin on perfused rabbits' hearts was more prompt at higher temperatures and thought that this was due to the increased coronary circulation and therefore greater exposure of the heart to the drug. Sollmann, Mendenhall, and Stingel (10) found that the toxicity of ouabain for intact frogs or their isolated hearts increased with the temperature, that this increase was greater per degree at the lower than at the higher temperatures, and that the increase was greater than could be accounted for by the increase in heart rate, which in itself enhances the action of the drug. Weizs~cker (11) , Clark (12) , and Issekutz (7) noted a more rapid action of the digitalis bodies on frogs' hearts when the rate of contraction as controlled by single induction shocks was increased. Weizs~cker (5) distinguished between the time it took for digitalin to show its first effect on the heart by an increase in the strength of the contractions (C-iftbindung) and the time to produce standstill (Giftwirkung), and observed that the ventricular rate influenced the latter but not the former. Pittenger and Vanderkleed (13) , working with the effects of tincture and fluid extract of digitalis on gold fish, found that although the weight of the fish was not important in determining the time to produce death by a certain concentration of digitalis, changes in temperature made striking differences.
Influence of the General Condition of the Heart and of the Pressure of the Perfusion
Fluid.--The general condition of the heart greatly influences the effect produced on it by a given amount of digitalis. Clark (12) showed that strophanthin had a more marked and more rapid effect on perfused hearts if the frog was previously in poor health, or if the heart had been long perfused. Williams (14) and later Kraflsheimer (15) found that the degree of pressure to which the frog's heart is subjected in perfusion experiments affects the action of digitalin and helleborein. Clinically it is known that although the mechanism of action of the drug may be the same, the influence of digitalis on diseased hearts may result in a different effect than on normal hearts.
Influence of the Character of the Perfusion Fluid on the Type of Standstill.-
There has been some difference of opinion as to the factors that determine the position (systole or diastole) in which a heart will stop under the intoxication of digitalis. The location where the solution is applied is important in this connection. Jacobj (16) and Wybauw (17) found that if the digitalis substance is applied to the outside diastolic standstill results, while if it is applied to the inside systolic arrest occurs. The use of blood serum in the perfusion fluid also alters the subsequent effects of digitalis. Cushny and Gunn (18) , for instance, observed that the addition either of homologous or heterologous serum to Ringer solution in perfusing rabbits' hearts caused first a stage of stimulation and later a period of depression in the strength of contraction. The hearts could be restored to a normal condition by returning to the use of Ringer fluid. Grtiber (19) , experimenting with strophanthidin obtained by Fraser (20) from strophanthus hispidus, noticed thatthe amount of the drug used influenced the result, for whereas 0.8 mg. in 1,000 cc. of perfusion fluid arrested a cat's heart in systole, 0.5 mg. stopped it in diastole. The perfusion fluid consisted of one part of defibrinated calf blood and two parts of Ringer solution. Clark (12) found that dilute concentrations are apt to produce diastolic arrest, and more concentrated ones, systolic arrest. The effect is more marked if the heart is already in a hypodynamic condition, due to prolonged perfusion. Werschinin (21), using Williams' (14) apparatus, concluded that 0.05 mg. of strophanthin (Boehringer) in 50 co. of Ringer solution or normal saline, arrested frogs' hearts in systole, but lower dilutions in diastole. He added that the presence of one-third the volume of rabbit blood cells or serum would enable the lower dilutions to produce systolic arrest. In this work doubt remains as to whether the pressure in the perfusion system might not have played a part in producing diastolic standstill. Clark (22) , on the contrary, found that defibrinated frog blood distinctly diminished the activity of strophanthin on perfused hearts, while the serum alone had no such effect. He thought that the red blood cells absorbed small amounts of the drug.
Influence of Inorganic Salts.--The inorganic salts influence the effects produced by digitalis. A perfusion fluid not containing calcium requires twice the amount of digitoxin to produce standstill that is necessary with the ordinary amount of calcium, according to Clark (6) . He also found that the digitalis effect is slightly increased by the absence of potassium salts. Conversely, Burridge (23) found that the presence of digitoxin increased the sensitiveness of the heart to calcium.
Fate of Digitalis Bodies in the Organism.--The study of the fate of digitalis glucosides within the body, i.e. their combination, destruction, and the method of their excretion, is still incomplete. Cloetta and Fischer (24) gave 1 rag. of digitoxin to each of ten frogs; at the end of 1 hour all the hearts were arrested. In extracting the ten hearts no digitoxin was found by a method that could detect 0.04 mg. None was found in the hearts of twenty additional frogs although an emulsion of the rest of the bodies, excluding the skins, yielded one-third of the digitoxin injected. Nor was any found in the hearts of rabbits and dogs killed with the drug. But when emulsions of heart muscle were incubated with digitoxin at 37°C. for 4 hours, twice as much digitoxin could be recovered from the sediment, that is from the heart tissue, as from the supernatant fluid. On incubating liver a similar result was noticed. Incubations of this nature therefore did not destroy the drug, for practically the entire amount of digitoxin could be recovered from dog's heart muscle, liver, or brain. In similar incubation experiments of frog's heart, muscle, and liver, Clark (22) likewise found that strophanthin was neither destroyed nor combined with unincubated tissue. The behavior of digitalis bodies under the influence of heart muscle in the living animal and of incubated heart muscle accordingly differs. Cloetta and Fischer also examined the urine and noticed that varying amounts of the drug could be detected; in one experiment, 0.3 mg. of digitoxin, for instance, was recovered 4 hours after 3 mg. had been injected into the vein of a rabbit; in another experiment, 0.8 rag. was found in the urine during 4 days on which 4.9 mg. were injected subcutaneously. In still another experiment, 1 hour and 20 minutes following a large intravenous dose of 5 rag. to a dog, they found none in the heart, 0.8 mg. in the liver, and 3 rag. in the entire blood. Clark (22) in his experiments found part of the injected drug in the blood. He gave 0.02 mg. of strophanthin to each of six frogs subcutaneously; all died in ½ hour, and he found about 0.01 rag., or 8 per cent, in the entire blood. In what physical or chemical state it circulates in the blood is not known, but that it is active has been proved by experiment. Clark (22) has shown that small amounts of strophanthin could be found in the blood of grass snakes 16 hours after subcutaneous injection. The whole blood of frogs, he found, diminished the action of strophanthin. Serum alone or washed corpuscles alone had no such effect. He thought that the red blood cells absorb strophanthin in small amounts but only in the presence of serum. Rabbit red cells, on the other hand, do not absorb strophanthin. But in the absence of satisfactory methods for detecting the digitalis bodies, their presence and the duration of their action cannot be accurately known. Hatcher (25) tested out nine cats and found that after intravenous injection of 0.3 mg. of ouabain, one showed 32 per cent in the blood stream, one 45 per cent, and seven none at all. Similarly after the injection of 5 rag. of digitoxin in two different cats, none was found in the blood in 4 and 5 minutes.
These experiments show that part of the drug remains in the blood stream for a while at least, that a portion is excreted unchanged by the kidney, and that the fate of the rest is uncertain. The heart, therefore, appears either to utilize very small amounts, or to render the drug unrecognizable after it has been acted upon. Hatcher (26) made similar studies and found that in alcoholic extracts of all the tissue of the rat made S minutes after subcutaneous injection, strophanthin could be recovered almost entirely. But if the rat was allowed to live a day, only a portion could be f6und in the gastrointestinal tract, and none in the other tissues. The tissues of the rat, which are highly tolerant to digitalis, destroy the drug, and part of the drug is reexcreted into the gastrointestinal tract. Hatcher and Bailey (27) also showed that in the duodenal loop of a dog, without producing toxic effects, an amount of strophanthin could be destroyed equal to 10 times the minimum lethal dose administered intravenously. This then is the evidence in favor of the view that animal tissue destroys digitalis bodies.
Perfused Hearts.--The experiments of Cloetta and Fischer, Clark, and Hatcher accordingly show that digitalis substances cannot be recovered from living heart muscle, but can be found if the muscle is incubated. Some indication Of the amount of digitalis that is taken up and destroyed by the heart in producing standstill may be obtained from perfuslon experiments. Straub (1) perfused the heart of a number of frogs (average weight 68 gm.) with the same solution until it was arrested. Although unable to extract any digitalis from the poisoned hearts, he concluded that a certain amount, probably less than 0.0002 rag., was used up. Clark (6) by a similar technique determined that each frog's heart used up about 0.0013 mg. of digitoxin and 0.00008 rag. of strophauthin. Griinwald (3) and Weizs~icker (5) found that to accomplish this result the equivalent amounts of digitalin were 0.05 to 0.1 rag. Weizs~cker (5) made the important observation that the amount of digitalin that combines #ith the heart is the same, whether the heart is arrested rapidly by a concentrated solution, or more slowly by a weaker solution. If amounts no larger than these suifice to arrest the heart, the amount of the poison in the perfusion fluid must be several times greater than the amount that is taken up by the heart; i.e., in order to be lethal the minimum amount of strophanthin contained in 2 cc. of fluid must be 0.001 mg. But of this amount of strophanthin, the heart, as far as the experiments show anything, takes up somewhere between 0.0002 rag. and 0.00008 mg. (average 0.00014 rag.). In other words, a much greater amount is necessary than is actually made use of.
Issekutz (7) calculated the concentration of strophanthin within the heart by weighing the heart and determining how much strophanthin was lost from the perfusion fluid. He found in this way that the concentration was 40 times as great inside the heart as in the perfusion fluid and 15 to 20 times as great for digitoxin. Weizs~cker (5) had previously calculated in a similar way that the concentration of strophanthin within the heart muscle was just equal to that in the fluid, while that of digitalin was 25 times as great within the heart muscle as in the perfusion fluid. BUt careful analysis of his figures shows an error in his calculation for he did not compare the lowest dilution of strophanthin in the perfusion fluid that can cause standstill with the concentration in the heart. This would bring the figure to about 20 and would then agree with the findings of Issekutz. It must be recognized in this connection that when a diminution of the drug is found in the perfusion fluid, it need not be in the heart, as has been mentioned above. It is more probable that it is destroyed by the heart and is no longer recognizable, and that the concentration of the active principle in the perfusion fluid is slightly diminished but always greater than in the heart.
There are facts that point to a selective action of the digitalis bodies on the heart, although other body tissues seem to be affected by the drug. Clark (22) found, for instance, that 0.0005 rag. per cc. of strophanthin was required to produce standstill of the heart, 0.1 rag. per cc. to produce vasoconstriction of the leg or contraction of an isolated stomach ring, and 1 mg. to kill voluntary muscle. And Schliomensun (28) found that alcoholic phosphatids, which possess an especial capacity for combining chemically with the digitalins, could be isolated from the hearts of the human cadaver and of the dog while the corresponding fractions obtained from the skeletal muscles had no such affinity.
Action by Physical or Chemical Processes.--The apparent dependence of these drugs on their concentration has led to the view that their mode of action is a physical one at the surface of the muscle. There are facts, however, that point rather to a chemical change in the heart. Straub (1) showed in perfusion experiments that, if strophanthin solutions were removed and the heart was washed, it revived; recovery did not take place if washing was delayed too long. In the latter event the action was not reversible; i.e., the action of the drug is physical to a certain point only.. Issekutz (7) similarly found that the heart frequently could not be revived, even if washed before showing a toxic effect. Clark (6) perfused frogs' hearts with 3 cc. of a solution containing 0.01 mg. of digitoxin. He found, like Straub, that if the heart was washed in 8 minutes, it died subsequently in systole, but if washed in 5 minutes, standstill was prevented.
The analogies which have been made use of in this discussion are numerous. It is impossible, however, to interchange apparent equivalents in a problem as complex as that of the action of the digitalis glucosides. The following facts illustrate this point. The subcutaneous minimum lethal dose of strophanthin is 30 times greater for a rat than for a rabbit and 20 to 40 times the concentration is needed in the perfusion fluid to arrest the isolated heart. On the other hand, while the intact grass snake is 30 times more tolerant to a subcutaneous injection of strophanthin than is the frog, the isolated heart is 1,000 times more tolerant. Another instance in which simple substitution would lead to error occurs in determining the relative toxicity of the substances for a certain concentration and inferring that the same relation holds true for other concentrations. Issekutz (7), for instance, shows that 5 cc. of 0.1 per cent digipuratum is equivalent to 0.001 per cent strophanthin, i.e. a ratio of 1 : 100, but 5 cc. of 0.03 per cent digipuratum is equivalent to 0.0000625 per cent strophanthin, a ratio of 1 : 500.
The foregoing review indicates how difficult it is to resolve some of these factors. The more important ones are temperature, rate, the general condition of the heart, the pressure of the perfusion system, and the organic and inorganic constituents in perfusion fluids. Animals differ widely; and their reactions are not constant when the mode of administration is changed or when different glucosides are compared. The experiments often yield contradictory results. Careful analyses sometimes uncover the cause. Occasionally, however, the lack of harmony cannot be explained. ' The absence of a chemical test for digitalis renders it impossible to make any but general statements about excretion, destruction, and combination of the drug by the living organism. But this review indicates in part wherein the difficulties of the digitalis problem lie. They are comprised principally in the diversity of the methods employed, and in the failure to appreciate that results obtained so variously can scarcely serve as the basis of satisfactory generalization. There is no intention to obscure the value in themselves of the important contributions which have so far been made. But with the means now at our disposal and as the result of the experience now accumulated it becomes important that certain requirements be observed in the plan of the experiments in order that the results may be useful in laying the foundations for clinical practice. In the experiments now reported cats have accordingly been employed because of their relatively uniform reaction to the digitalis bodies and because the same animal can be used for a number of separate experiments. Repeated use in this way made it possible to avoid the danger of lack of uniform results due to varying susceptibility even in animals of the same species. The technique of electrocardiographic registration permitted the performance of the experiment so that operative procedures on the heart itself were not undertaken and disturbances from this source were avoided. This technique in addition afforded the opportunity to study in detail the influence of time on the results of administration.
Method.
Cats were selected in preference to other laboratory animals because their reaction to digitalis is more like that of the human subject. Crystalline g-strophanthin was used because of its chemical purity and to avoid the confusion from interaction of the principal glucosides if the whole digitalis leaf is used. A 1 per cent alcoholic solution was prepared and kept, and from this a 0.001 per cent solution was made up every few days. This was used in the intravenous injections. There was no indication that the stock solution deteriorated during the period of the experiments. The solutions were kept sterile. The cats were etherized during the operative procedure. Afterward as little ether was used as was necessary to keep the animal sufficiently quiet for taking satisfactory electrocardiograms. But in consequence cats were occasionally lost by an overdose of ether, although it was always possible to distinguish by the electrocardiograms an ether death from one produced by strophanthin. During some experiments no additional ether was given after the injections were started. The strophanthin solution flowed from a graduated burette into the right saphenous vein.
Use of the Electrocardiograph to Detect the Toxic Effect.--The string of the galvanometer (Edelmann model) was connected with the right fore and left hind leg (Lead II). Electrocardiograms were taken before the injection of the drug and frequently during the course of the experiment. It was observed by Halsey (29) that if 40 to 60 per cent of the minimum lethal dose 1 of strophanthin is given intravenously extrasystoles appear. He fixed no time interval during which he gave strophanthin, although he states that 30 per cent was given in about 15 minutes. He gave the rest at irregular intervals. It is, in fact, impossible to find in any previous work determinations of what portion of the minimum lethal dose, given in a definite interval of time, is required to produce extrasystoles. The smallest amount required to cause ectopic premature beats we propose to call the "minimum toxic dose." The only reliable method of determining the minimum toxic dose is electrocardiographic. This method excludes the possibility of misinterpreting the nature of the irregularity. It also dispenses with the necessity of exposing the heart or disturbing the animal. It is 1 The minimum lethal dose of crystalline strophanthin for cats as determined by Hatcher and Brody (Hatcher, R. A., and Brody, J. G., Am. J. Pharm., 1910, lxxxii, 360) is 0.1 mg. per kilo of body weight if given intravenously and almost continuously over a period of 1~ hours. This was confirmed by Jamieson (Jamie-' son, R. A., J. Exp. Med., 1915, xxii, 629), who used the same active principle as that in the experiments reported here. more reliable to use the occurrence of ventricular ectopic beats as the index of toxic action than the vagal effects, such as slowing of the heart rate, lengthening of the auriculoventricular (P-R) interval, or the development of exaggerated sinus arrhythmia3 Electrocardiograms of typical toxic reaction with subsequent death in ventricular fibrillation are shown in Fig. 1 . In a very few instances the toxic effect was similar to those described by Cohn (30) and Christian (31) as resulting from digitalis intoxication in man. The form of the ventricular complex continually changes; an example of this reaction is shown in Fig. 2 . Injections were made every 6 minutes and .frequently, on approaching the toxic dose, the interval was diminished to 3 minutes. The method of interrupted administration introduces an error of from 3 to 6 per cent in determining the minimum toxic dose, for by giving injections every 6 minutes at the rate of 60 per cent of the minimum lethal dose in an hour, 6 per cent of the minimum lethal dose is given with each injection. The final 6 pe r cent that is administered, which produces the toxic effect, might have been excessive by 5 per cent, for an additional 1 per cent might have produced the same toxic effect. This error cannot be avoided by giving an absolutely continuous injection, for in that-case, the amount of drug given during the last few minutes before the toxic effect appears might have been unnecessary.
Frequency of Spontaneous Nodal Rhythm in Cats.--In the inter-
pretation of cardiac irregularities in cats, attention is called to the great frequency of spontaneous nodal rhythm (Fig. 3) . It would be almost impossible to recognize this alteration in the heart's mechanism by any means other than electrocardiographic. Of seventeen animals (Table I) , nine showed nodal rhythm one or more times during the various experiments. Some cats showed it several times, others only once or twice. Eight showed it before strophanthin was given in that particular experiment. Some of them also showed it during the early part of the administration, when very small amounts had been given, one after 8 per cent of 2 Although more reliable, we do not recommend the occurrence of ventricular ectopic beats as the sign of toxic action in clinical medicine, as earlier signs are available. Table I , showed spontaneous bigeminy, every other beat being a premature ventricular systole, before any strophanthin was given. Three cats had nodal rhythm in the first experiments (marked "a" in Table I ) on the respective animals. There is no reason to believe that the cats had taken any drug that might have caused this rhythm. None of them had previously been experimented upon. The high incidence of spontaneous nodal rhythm is pointed out because it may have a bearing on experiments concerned with this arrhythmia as in the work of Lewis, White, and Meakins (32) .
Independence of the Minimum Toxic Dose of the Speed of Administration of the Drug.--
In the experiments to be described we compare the effects of rapid with slow administration in the same animal. The method Js designed to yield information on the problem of whether strophanthin acts by means of its concentration or by virtue of the total amount present. The volume of the blood remains constant. By injecting it rapidly strophanthin is distributed in the circulation quickly, and the heart, therefore, is immediately exposed to a high concentration; when the injections are slow, the heart is exposed to a lower concentration for a given length of time, for a smaller amount of the active principle is contained in the same volume of blood. Thus the rate of injection determines the concentration in the blood stream. Some cats served for four separate experiments, others for three, and some for only two. The method of administration was changed from cat to cat; some received the rapid injection first and later the slow one. The reverse method was employed in others. The original minimum lethal dose was calculated on the original weight, and in later experiments the same dose was used, although the weight had diminished.
This will be discussed below. In this way one could determine whether the animal's later condition as a result of the action of the drug, or the long experimentation, or the administration of ether, altered the amount of the drug required to produce the same toxic effect. There was no indication that any striking change in the animal's susceptibility to the drug took place. In the first experiments the solution (0.001 per cent) was given at such a rate that 40 per cent of the minimum lethal dose was injected in an hour. The same cat, usually 4, though sometimes more and occasionally fewer days later, when free of the drug was subjected to the same procedure but the rate of injection was 40 per cent in 2 hours, or 40 per cent in ½ hour, etc. The cat was considered free from the effects of the drug because Hatcher (33) showedthat 24 to 48 hours following a toxic but nonlethal intravenous injection of strophanthin, a similar dose is required to produce a similar result. In the later experiments 60 per cent of the minimum lethal dose was given, because it caused toxic effects more regularly. The injections were stopped when the toxic effect occurred. This could usually be detected by watching the shadow of the galvanometer string, because of the abnormal form of the ectopic beat, and the occurrence of an irregularity. Occasionally it was difficult to be certain whether a toxic effect was produced; then electrocardiograms were taken frequently. When the films were developed, the intoxicating dose was estimated.
EXPERIMENTAL.
The experiments are divided into three groups: those in which was studied the influence of the speed of injection on the amount of strophanthin required to produce a toxic effect; those in which single injections were made to obtain the minimum toxic and lethal dose and to compare this with the amount required when the rate of injection is slow; and transfusion experiments made to obtain additional information on the concentration of the drug in the blood.
Group /.--Group 1 (Table I) contains seventeen experiments.
In these was studied the influence of the speed of injection on the amount of strophanthin required to produce a toxic effect. The animals frequently lost weight. Whether this resulted from loss of appetite, or from prolonged etherization and the operative procedure, or from strophanthin intoxication is not known. The animal usually ate nothing after the operation and very little the next day. On the 4th day it was usually operated upon again. The loss in weight was disturbing in calculating the minimum lethal dose. It seemed correct, however, to base the minimum lethal dose on the original, rather than on the actual weight (both of which were ascertained), for it is not likely that the heart lost • weight during these experiments as rapidly as the whole body?
There are (Table I ) distinct individual variations among cats in susceptibility to toxic doses of. strophanthin. It required, for instance, 72 per cent of the minimum lethal dose, given at the rate of 60 per cent in 2 hours, to produce toxic effects in Cats 10 a and 11 a, while only 24 per cent, at the rate of 60 per cent in 1 hour, was required in Cat 13 a. The difference in rate of administra- tion will be shown not to influence the minimum toxic dose. Other animals required amounts between these limits. The significant point is that in the second, third, and fourth injections in the same animal, although slight variations in the minimum toxic dose occur, they do not depend on the speed of administration. This conclusion is warranted from the average of the experiments (Table II) and from an analysis of the individual ones. The average minimum toxic dose of strophanthin in all the experiments (Table II) The average of all first experiments before loss of weight has occurred is 51.6 per cent. The average in the first experiments in which injections were given in an hour is 49.4 per cent. In these the influence of the loss of weight due to experimentation is entirely avoided. On the whole, there are no serious discrepancies in the various averages calculated in Table II . They show that the speed of injection does not influence the minimum toxic dose. The average minimum lethal dose in the short 15 minute experiments was'50.3 per cent; in the longer 4 hour ones 44.0 per cent. In those of intermediate length the percentages increased as one might expect. One might infer from the figures based on the original weights that the slower method requires slightly less strophanthin than the rapid, but the difference is probably not significant. An explanation for it may exist in the fact that in the slower method the dose given just before the toxic effect is produced, has acted a "longer time on the heart; while in the rapid experiments an excessive amount was probably injected. The injections, for instance, were made at the rate of 4 cc. every 3 minutes. When the end-point was approached 1 cc. might have been sufficient to cause a toxic effect. Errors of this kind are smaller in the slower experiments because a smaller amount is given every 6 minutes.
Two experiments, Nos. 9 and 12 (Table I) , illustrate these points. Four injections at different rates were given in each case. In No. 9 the first injection was given at the rate of 60 per cent in 15 minutes, and the toxic effect (minimum toxic dose) was produced with 44 per cent of the minimum lethal dose. 6 days later the same cat received an injection at the rate of 60 per cent in 2 hours and showed toxic manifestations with 47 per cent; the third injection, 6 days later, was given at the rate of 60 per cent in 1 hour and the minimum toxic dose was 35 per cent; the final one was given 4 days later at the rate of 60 per cent in 4 hours, and the minimum toxic dose was 43 pe~ cent. Similar results were obtained in the four injections in No. 12. The rate at which the injections were given was also 60 per cent of the minimum lethal dose in varying intervals of time. The variations were 48 per cent for 15 mindtes, 36 per cent for 30 minutes, 42 per cent for 1 hour, and 36 per cent for 4 hours. In these instances, then, the minimum toxic dose is independent of the rate of injection. To test the point further, the rate of injection was changed in several instances during the same experiment. If a cat at first was given 30 per cent in 1 minute, injection was continued after waiting 15 minutes at the rate of 60 per cent in 2 hours. The toxic effect again was produced after a certain total amount had been given.
Group 2.--Further evidence on the relation of rate of injection to amount injected was obtained from a series in which large single injections were made in 1 or 2 minutes. It is, of course, impossible in a given animal to forecast the minimum toxic dose. * N. indicates negative result; T, toxic effect; F., fatal.
It was therefore necessary in a series of animals to obtain it by trial. The averages then served for comparison. There were twenty-nine cats. They received single injections of amounts varying from 25 to 100 per ceng of the minimum lethal dose. There was, as was expected, great variation in the minimum toxic dose, for some cats showed effects from 25 per cent, while others required 60 per cent of the minimum lethal dose (Table III) . Of five experiments in which 25 per cent was given only one was toxic. One cat in five was found to be intoxicated by injections of 30 per cent; one in two experiments in which 40 per cent was injected; one in three 50 per cent injections, and one in two 60 per cent injections. All injections over 60 per cent of the minimum lethal dose caused toxic effects and many were also fatal. There was also some variation in the minimum lethal dose, for 75 per cent was fatal to one cat while 100 per cent was not to another. It is difficult to calculate an average toxic dose from such experiments, but in general these figures agree with those of Table II . If flooding the circulation suddenly with a large dose of strophanthki were more toxic than giving the same dose continuously over an hour or two, one would expect a greater percentage of toxic and lethal effects than were obtained. When 30 per cent, for instance, was given, only one of five showed an effect.
These results throw doubt on the conclusion that strophanthin produces its effects in accordance with the concentration of the drug to which the heart is exposed. For the differences in the speed of administration must alter its concentration in the blood stream, the blood volume probably remaining constant. So far, then, the toxic effect appears to be produced when a given total amount has been injected into the blood. An objection to this conclusion may, however, be offered; strophanthin, no matter at what speed administered, may be supposed to remain, inert in the blood stream until a certain amount has been given, to provide a concentration sufficient for activity. When the required concentration is reached the heart is intoxicated. The objection is hardly valid, for there is evidence that even before the toxic effects appear strophanthin affects the heart. The therapeutic effects, for instance, of the drug on the heart are obtained by subtoxic doses.
Cohn, Fraser, and Jamieson (34) have shown that the heart muscle may be affected by digitalis before toxic symptoms are produced. Robinson and Wilson (35) show that to bring about T wave changes in the electrocardiogram of cats only 23.9 per cent of the lethal dose is necessary. Gros (36), using very dilute solutions of strophanthin on the perfused frog's heart, produced intermittent ,diastolic pauses without any other toxic results. These observations suggest that throughout the experiments the cats' hearts take up strophanthin, the toxic symptoms appearing when a certain total amount has been taken up. From a second cat, B, weight 4 ,250 gm., (the minimum toxic dose having previously been found to be 66 per cent of the minimum lethal dose), 70 cc. of blood were withdrawn at 12.50 from the left carotid artery. At the same time 70 cc. of strophanthinized blood from Cat A were transfused into the right saphenous vein of Cat B. At 1.10 the injection of strophanthin intravenously was started at the rate of 0.03 rag. every 6 minutes. After 0.12 rag. had been given, ventricular ectopic tachycardia was noticed. The minimum toxic dose equalled 28 per cent of the minimum lethal dose. Death occurred after 0.225 rag. had been given. This equalled 53 per cent of the minimum lethal dose.
The low minimum toxic dose and the low minimum lethal dose indicate that some strophanthin must have been contained in the blood of Cat A, for it took much less additional strophanthin to produce either a toxic or a fatal result in Cat B than we know would otherwise have been reqliired. It is impossible to calculate how much of the drug the transfused blood of Cat A contained, but the result makes it reasonable to say that 1 hour and 45 minutes after the toxic effect had been produced the blood of Cat A contained at least a moderate amount of strophanthin. This experiment also indicates that a certain amount of strophanthin was carried over in the blood from Cat A, for the minimum toxic dose for Cat B when first tested was 67 per cent of the minimum lethal dose and after transfusion was only 45 per cent. On Mar. 27, the minimum toxic dose of Cat B, weight 2,600 gin. was found to be 77 per cent of the minimum lethal dose. On Mar. 31, at 11.45, 50 cc. of blood were taken from the right carotid artery. At 11.52, 65 cc. of strophanthinized blood from Cat A were transfused into Cat B. At 1.17, 0.063 rag. and at 1.23 an additional 0.063 mg. of strophanthin were injected. At 1.45 a toxic effect was produced. In this experiment, therefore, a toxic effect was produced with 48 per cent of the minimum lethal dose. At 1.48, 0.031 rag., and at 1.51, 0.031 rag. of strophanthin were added. The cat died at 1.57 after taking 72 per cent of the minimum lethal dose. From Cat A, then, 43 minutes after the toxic effect was produced about half 4 of the blood was removed (70 cc.). Some strophanthin must have been removed with the blood; however, 93 per cent of the minimum lethal dose was required to cause death. Cat B, which required 77 per cent of the minimum lethal dose to produce toxic effects in the preliminary test, was toxic after the injection of the 65 cc. of blood taken from Cat A, plus 48 per cent of the minimum lethal dose. It died after 72 per cent was injected. This amount was less than the minimum toxic dose on the first occasion.
Experiment 21.--The minimum toxic dose of Cat A, weight 3,850 gin., was found to be 72 per cent of the minimum lethal dose. On Apr. 3, at 11 a.m., 0.092 rag. of strophanthin was injected, and at 11.15 an additional 0.08 mr. (47 per cent). No toxic effect was produced. At 12.42 p.m., 90 cc. of blood were withdrawn from the left femoral artery. At 12.46, 45 cc. of blood taken from a normal cat were transfused. At 12.55, 25 cc. of normal saline solution were given. Beginning at 1.06, 0.046 mr. of strophanthin was given every 6 minutes until death. The toxic effect occurred after an additional 34 per cent of the minimum lethal dose (total 81 per cent) and the lethal dose after 116 per cent was injected.
This experiment shows in a somewhat different manner from the previous transfusion experiments that an appreciable amount of strophanthin must have been removed in bleeding, for although 47 per cent of the minimum lethal dose was given without producing a toxic effect, 34 per cent more had to be given after the bleeding to cause the toxic symptoms. If all the strophanthin had been bound either to the heart or to the other tissues so much would hardly have been required. The fatal dose was in excess of the expected amount if all had been retained in the body. Of the four transfusion experiments No. 21 was the only one which showed a larger minimum toxic dose than was previously fohnd in the corresponding cat, and it was also the only one in which the minimum lethal dose was more than 100 per cent.
These results are in accord with the idea that strophanthin remains in the blood stream, for while in Experiments 18 to 20, strophanthinized blood from other cats was added, ,in Experiment 21 strophanthinized blood was removed. These transfusion experiments are imperfect and do not permit an accurate calculation of the concentration of the drug in the blood stream. They show, however that an appreciable amount is present in the peripheral circulation an hour or more after intravenous administration, whether a toxic effect is produced or not.
Strophanthin almost invariably caused death by fibrillation of the ventricles; respiration continued longer. There is no way of preventing this or of stopping it after its inception. If a fatal issue depends on the presence of strophanthin in the blood, the withdrawal of blood should prevent or delay death. An attempt was accordingly made after injecting 100 per cent of the minimum lethal dose to prevent ventricular fibrillation by bleeding the animals as soon as the toxic effect was observed. This procedure failed in three experiments. Whether a fatal outcome would occur if the drug were given slowly was not ascertained. Ether never caused fibrillation of the ventricles; respiration stopped, but the electrocardiogram showed the presence of heart block for a long time. Massaging the heart when the ventricles fibrillate, frequently delayed death for ½ hour. The pupils remained small, and respiration continued. If massage was stopped the pupils dilated and respirations became labored or ceased; on resuming massage the pupils again became small, and the respirations more easy. In the absence of any other treatment massage of the heart offers a possible method of treating fibrillation, although the chances are against a favorable outcome. In all but one instance the cat finally died.
The outcome of this exceptional case, Cat 7 b, is important, for no other case of recovery from digitalis poisoning in an experimental animal has been recorded. This cat was given 0.013 rag. of strophanthin every 6 minutes; the ether cone was kept in place but no ether was added after the injections began. In 49 minutes, when 52 per cent of the minimum lethal dose had been given, extrasystoles were observed (Fig. 4) ; the injections were stopped, but 10 minutes later the ventricles fibrillated. Electrocardiograms were obtained at frequent intervals during this time. The heart was massaged without opening the chest. For a time the galvanometer string was practically motionless, then unusual deflections were seen, and later a return to typical ventrieular fibrillation; finally ventricular tachycardia developed. The breathing improved; the pupils, which were at times markedly dilated, became small, and the cat recovered. The last tracing (Fig.  4) , taken 22 minutes after the onset of ventricnlar fibrillation, shows a normal cardiac mechanism except for delayed conduction (P-R) time, 0.16 second. 6 days later the animal was used again for an experiment.
A number of details deserve notice. (1) In one experiment (No. 20) ventricular ectopic tachycardia did not appear until 90 pe~ cent of the minimum lethal dose had been injected. The warning is therefore expressed that intoxication may be present, without the appearance of extrasystoles.
(2) In fractional administration irregularities usually occurred ½ to 4 minutes after the last injection. Their duration was usually longer than 30 minutes. Durations of 30 and 50 minutes were observed in two cats, and. in seven other cats, of ½ to 4 hours. After single large doses, irregularities began in 2 to 15 minutes. Death occurred in 9 to 30 minutes.
(3) Numerous fatalities in patients have resulted from the intravenous administration of strophanthin, but most of them have occurred when this drug was given to patients who recently had taken digitalis, or when large doses were repeated on the same day. It is impossible from these experiments to make recommendations for the administration of. strophanthin to man. They show that a margin of safety exists, represented by the difference between the minimum lethal dose and the minimum toxic dose. This difference (Table IV) varied between 6 and 42 per cent of the minimum lethal dose. To predict the toxic dose is, therefore, impossible. The dose, for example, that was fatal to Cat 12 was not ever/toxic for Nos. 3, 10, 20, and 21. To foretell the toxic dose in patients is probably equally difficult. But since these experiments show that the same results can be obtained from slow as from rapid injections, a fractional method of administration suggests itself. If, for instance, 0.5 rag. given in a single injection were fatal, 0.2 rag. might be given followed by 0.1 mg. repeated every half hour until 0.5 mg. is given. It may be possible to regulate the procedure by watching for signs of intoxication, either by auscultating for irregularities or by taking graphic records, to notice changes in the T waves or the P-R time. Under these conditions, giving an excess of more than 0.1 mg. is avoided. Treatment should not be "repeated within 24 hours. Vaquez and Lutembacher (37) have reported almost 2,000 intravenous injections of ouabain without harm or fatality.
DISCUSSION AND SUMMARY.
The review of the literature relating to experiments on the action of the digitalis glucosides shows that care must be exercised in estimating the significance of the results published. The perfusion of isolated hearts obviously cannot take into account the question of excretion of .the drug or its combination with other tissues. Nor can perfusion experiments take into account the influence of the extracardiac nerves. Vagotomy alone, as Macht and Colson (38) have shown, has a marked influence on the result. And Richards and Wood (39) have shown that the effect of the intravenous injection of strophanthin is altered after section of the splanchnic nerves. Another difficulty in making deductions of a general nature lies in the fact that digitalis bodies differ in their action, in their solubility, and in the rate of their absorption. These difficulties are made clear when the following statements are placed side by side. Strophanthin is much more toxic to a frog's heart than digitonin, but the latter is more toxic to the isolated sartorius (40) . Voegtlin and Macht (41), experimenting on isolated coronary arteries, found that digitonin and digalen produced relaxation of the arteries, while digitoxin and digitalin caused constriction. Fraser (42), many years ago, called attention to the fact that while strophanthin was much more profound in its action on the frog's heart than digitalin, the reverse was true as to their action on the blood vessels.
There is also a marked difference in the reaction and susceptibility of different animals to these drugs. And the problem is further complicated by the change in the mode of administration from animal to animal. The intact grass snake, for instance, is 30 times more tolerant to strophanthin given subcutaneously than is the frog, but the isola[ed heart is 1,000 times as tolerant. The action of these drugs depends upon the state of the heart, on the temperature of the surrounding media, the proportion of inor: ganic salts in the fluid, the pressure to which the heart is exposed, the rate of the heart beat, the presence or absence of blood corpuscles or serum, and, no doubt, other factors as well. To obtain identical results under artificial conditions means that all these factors must be controlled. These are requirements which are obviously difficult to meet. The experiments now reported have avoided these difficulties.
The experiments have a bearing on the controversy between Straub and Grtinwald. Straub believes that the action of strophanthin is independent of the total amount and depends entirely .upon the concentration; Grtinwald holds that although the concentration is the prime factor when large quantities of the active principle are used, the total amount is of importance when the dilutions are small and when small amounts are compared. The distinction is important because it is the small amounts and the low dilutions that are employed in clinical medicine. Furthermore, it is not safe to measure the toxicity of digitalis in terms of the time it takes to produce standstill of the ventricles, since Schmiedeberg (43) found that the two factors did not vary directly.
In these experiments, in which crystalline strophanthin was injected intravenously, the amount of the drug needed to produce toxic results as shown electrocardiographically was practically independent of the speed of administration. The use of the same animal for repeated experimentation avoided the error which re-sults from making comparisons between different species of animals, and eliminated the marked variations due to individual susceptibility. Injections of the drug were made at varying speeds, with intervals of 4 or more days between experiments. The total amount required to produce the toxic effect did not vary significantly. The experiments ( Table II) show strikingly that the total amount required to produce a toxic effect is independent of the ' speed of administration. This conclusion is probable because although the amount was the same, the concentration was considerably greater when 60 per cent of the minimum lethal dose was given in a single dose or in ~ hour than when given in 4 hours. It has been suggested that when the drug is given slowly, it may remain inert in the blood stream and produce a toxic effect only when a proper concentration is reached, this concentration being reached when the required amount has been injected without ref-. erence to the speed of administration. Against this view we have noted the fact that the heart is known to be affected by the drug before toxic effects are produced. The transfusion experiments were undertaken to determine whether strophanthin was present in the blood stream. The method showed that strophanthin must be regarded as present and capable of remaining there for a moderate time but proved too crude to give an idea of its actual concentration. A theory of the action of strophanthin may be formulated from the above considerations. It reconciles the conflicting views relating to the importance of concentration and of total amount of the drug. It supposes that the time required to produce a given effect in a heart varies inversely with the concentration of the active principle. The heart utilizes only a small portion (in the neighborhood of 10 per cent) of the drug to which it is exposed no matter what the concentration. A toxic effect results when the heart has taken up a certain total amount of the drug which is a definite small fraction of its own weight. If this theory is correct, it explains why in concentrated solutions the total amount is not important, for the small part that is taken out by the heart does not appreciably alter the concentration, while when very dilute solutions or small quantities are used the amount taken up by the heart diminishes the remaining concentration appreciably; that is, the "digitalis pressure" becomes lessened. In these experiments the rapid injections forced an adequate amount of strophanthin into the heart rapidly and produced the toxic effect; in the slow injections the same total amount of drug was taken up by the heart only more slowly.
Experiments were carried out on a series of cats in which, after the minimum toxic dose was determined, the injections (some were slow, others more rapid) were continued until death. In this way the margin of safety was determined, the difference between the minimum lethal dose and the minimum toxic dose. It varied from 6 to 42 per cent of the minimum lethal dose.
These experiments have an importance in clinical medicine. They suggest a method for intravenous medication with strophanthin, designed to reduce the danger due to using the drug. After the ventricles have fibrillated, there is no constant way of reviving a heart. Occasionally, as in one experiment, resuscitation may take place after ventricular fibrillation and standstill, by massage of the heart without opening the chest. No opinion can be offered on the practical value of this method.
CONCLUSIONS.
i. Cats vary considerably in their susceptibility to strophanthin and in the extent of the difference between the minimum lethal dose and the minimum toxic dose.
2. The amount of strophanthin necessary to produce a toxic effect in a given cat is independent of the speed of administration to a period of 4 hours. An improvement in the clinical administration of the drug is thereby indicated.
3. A theory of the action of strophanthin is formulated which reconciles the results which point to the importance of the total amount taken up by the heart with those which indicate that the concentration of the drug is the determining factor. b. This curve was taken at 4.44 when 36 per cent of the minimum lethal dose had been given. It shows ventricular extrasystolic tachycardia, the typical toxic effect.
c. Curve taken at 5.43. 10 per cent in addition had been given at 5.42 (total of 46 per cent of the minimum lethal dose). It shows typical ventricular fibrillation.
I~G. 2, a. Cat 6 b. Curve taken at 3.35 p.m. before strophanthin was injected. It shows normal heart mechanism.
b. Curve taken at 4.13 after 35 per cent of the minimum lethal dose had been given. It shows a toxic effect in which the ventricuiar complex is continually changing. There are alterations also in the P-R relation. e. Curve taken at 1.37 showing sequential contraction of auricles and ventricles but with delayed conduction; P-R = 0.16 second.
